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The effect of wall temperature on the size of the separation bubble in the shock wave/turbulent boundary-layer

interaction of a 24 deg compression rampwithMach 2.9 is numerically investigated. The ratios of wall temperature to

recovery temperature Tw∕Tr are 0.6, 1.14, 1.4, and 2.0, respectively. To validate the simulation, the statistical results

with Tw∕Tr � 1.14 are tested and the results show a good agreement with theoretical and experimental results. It is

shown that wall temperature has a remarkable effect on the size of the separation bubble and the size increases

significantlywith the increase ofwall temperature.Through theoretical analysis, combinedwithnumerical results,we

get a semitheoretical formula L∕δ ∝ �Tw∕Tr�0.85, in which L and δ are the length of the separation bubble and the

thickness of upstream boundary layer, respectively. The turbulent kinetic energy budgets are also analyzed based on

the numerical data, and results show that turbulence kinetic energy is chiefly produced both in the buffer layer and

near the shock wave, and turbulent dissipation is mainly in the center of the separation bubble as well as in the near-

wall region. It is also shown that the intrinsic compressibility effect is not significant in all these cases.

Nomenclature

Cf = skin friction coefficient
L = size of separation bubble
M∞ = freestream Mach number
�pw = mean wall pressure
p∞ = static pressure
Tr = recovery temperature
Tw = wall temperature
T∞ = static pressure
xr = reattachment point
xs = separation point
δ = upstream boundary-layer thickness
μ = viscosity coefficient
ρ = density

I. Introduction

S HOCK wave/boundary-layer interaction (SBLI) plays an impor-
tant role in the aerodynamic design of high-speedvehicles, and the

study of SBLI becomes a hot topic again with the deep research of
scramjet engines in recent years. SBLI has been studied experi-
mentally, theoretically, and numerically for more than 60 years. But it
is still far from being solved and still needs more research work [1–5].

Recently, the effect of wall temperature on SBLI has become the focus
of attention in the field of hypersonic engineering. During the
hypersonic aircraft design process, in general, the temperature ofwind-
tunnel tests is usually far different from that of the flight conditions, and
engineers want to know more about the effect of wall temperature on
SBLI to predict the flight data based on their wind-tunnel tests.
Marini [6] conducted experimental studies about the effects of ramp

angle, wall temperature, and Mach number on the scale of separation
bubble in shock wave/laminar boundary layer interaction (SLBLI),
and then gave some empirical formulas, and these formulas were then
assessed numerically by John and Kulkarni [7]. Compared with
SLBLI, shock wave/turbulent boundary-layer interaction (STBLI) is
more complicated and the study of STBLI is more novel. Jaunet et al.
[8] studied experimentally the wall-temperature effects on the STBLI.
An adiabatic-wall and two hot-wall cases in reflected STBLI were
studied with the ratio of wall temperature to recovery temperature
Tw∕Tr are 1, 1.4, and 1.9, respectively. A low-wall-temperature com-
pression corner STBLI can also be done, with the ratio of temperature
to recovery temperature Tw∕Tr being 0.47. Spaid and Frishett [9]
performed an experimental study on the effects of wall temperature on
the separation length for a compressible corner with freestream Mach
number 2.9. Both experiments [8,9] show that the higher the wall
temperature, the greater the separation bubble is. Adams [10],Wu and
Martín [11,12], and Li et al. [13] used direct numerical simulation
(DNS) to study the turbulence statistical characteristics and shock
wave motion of STBLI, especially the low-frequency unsteadiness of
STBLI. In general the study of wall-temperature effects on STBLI of
compression corner is still not very sufficient.
In this research, we conduct numerical simulations of STBLI flows

in a 24 deg compression corner with different wall temperatures,
freestreamMach number 2.9, and Reynolds number 5881.4∕mm. The
ratios ofwall temperature to recovery temperatureTw∕Tr are 0.6, 1.14,
1.4, and2.0, respectively. The flowparameterswithTw∕Tr � 1.14 are
close to Bookey et al.’s experiment [14]. Based on the numerical data,
the effect of wall temperature on the length of the separation bubble is
analyzed and a semitheoretical formula is then given. The turbulent
kinetic energy budgets are also analyzed in this paper.
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II. Simulation Setup

A. Numerical Simulation Setup and Computational Meshes

The computingmodel used is supersonic flowover a 24 degcorner,
the same as Bookey et al.’s experimental model [14]. Figure 1 is the
schematic diagram of the computing model, in which the corner is
set at x � 0. The dotted area in Fig. 1 is the computational domain.
The inlet of the computational domain is located at the 200 mm
downstream leading edge of the flat plate, and the inlet boundary
condition is set by using the laminar profiles of flat-plate boundary-
layer flow. Figure 2 shows the demonstration of mesh in the x-y
plane, in which the mesh is refined in the corner region to ensure the
calculation accuracy. Table 1 shows the grid number and grid spacing

inwall units for the four computing cases, in whichTw∕Tr represents

the ratio of wall temperature to recovery temperature. Here, the

recovery temperature is defined as Tr � T∞�1� r�γ − 1�Ma2∕2�
and the temperature recovery coefficient is set as r � 0.89.
For the first case, a cooling wall case with Tw∕Tr � 0.6, the

computational mesh contains 3000 × 200 × 200 points (streamwise ×
wall normal × spanwise), and the meshes for the other three cases

contain 2160 × 160 × 140.Weusemore grid points in the coolingwall

case, because the actual Reynolds number (defined by the near-wall

density and viscosity) for this case ismuch higher than that of the other

three cases. The computational domain for all four cases is Ly �
35 mm in the wall-normal direction and 0 ≤ z ≤ 14 mm in the

Table 1 Grid spacing in the wall unit

Case Grid number Δx�, x � −50 mm Δx�, x⩾ − 25 mm Δy�w Δy�δ Δz�

Tw∕Tr � 0.6 3000 × 200 × 200 10.6 5.84 0.58 15.02 8.07
Tw∕Tr � 1.14 2160 × 160 × 140 6.20 4.26 0.49 10.17 4.86
Tw∕Tr � 1.4 2160 × 160 × 140 4.80 3.33 0.38 7.88 3.78
Tw∕Tr � 2.0 2160 × 160 × 140 3.12 2.07 0.24 5.19 2.44

Fig. 1 Schematic diagram of numerical simulation setup.

Fig. 2 Schematic diagram of computational meshes.

Fig. 3 Skin fraction coefficient of wide and normal cases.

Table 2 Flow parameters

Case M∞ Re∞∕mm T∞, K Tw, K δ, mm δ�, mm θ, mm Δt
Tw∕Tr � 0.6 2.9 5581.4 108.1 162.2 6.43 1.7 0.5 0.005
Tw∕Tr � 1.14 2.9 5581.4 108.1 307.0 6.75 2.15 0.425 0.008
Tw∕Tr � 1.4 2.9 5581.4 108.1 378.4 6.8 2.33 0.41 0.008
Tw∕Tr � 2.0 2.9 5581.4 108.1 540.5 6.95 2.69 0.38 0.01
Bookey’s date [14] 2.9 5581.4 108.1 307.0 6.7 2.36 0.43 — —
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spanwise direction, and the streamwise domain is −330 ≤ x ≤
56.57 mm for the first case and −335 ≤ x ≤ 51.6 mm for the other

three cases. The grid spacing in the flat-plate region, as well as that in

the corner region, is also shown in Table 1, in which all grid spaces are

normalized by the wall unit at x � −50 mm (flat-plate region). The

wall-normal grid space of the first grid above the wall is denoted by

Δy�w , and the wall-normal grid space at the edge of boundary layer

(y � δ) is denoted by Δy�δ . In the corner region, the streamwise grid

spacing is much smaller than that in the upstream flat-plate region to

resolve the small scales of STBLI and separation flows. This table

shows that the grid resolution in the flat-plate region is fine enough for

the simulation of nonseparated flat-plate boundary layer [15–17].

Fig. 4 Two-point correlations of velocity in flat-plate region (at x � −30 mm).

Fig. 5 Two-point correlations of velocity in separation region (at x � −8 mm).
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Fig. 6 Plot of mean van Driest velocity in flat-plate region of case
Tw∕Tr � 1.14. Fig. 7 Spanwise turbulent kinetic energy spectrum (y� � 232).
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To trigger the transition, we impose the blow-and-suction perturba-
tion [13,17,18] on the wall in −305 ≤ x ≤ −285 mm. The amplitude
of the perturbation is set as A � 0.1 to trigger the bypass-type tran-
sition, and the perturbation contains multifrequency waves with five
frequencies (f0, 2f0, 3f0, 4f0, and 5f0), inwhich the nondimensional
fundamental frequency is f0 � 0.1 (approximately 96 kHz).

B. Numerical Methods and Simulation Parameters

The flow parameters are listed in Table 2. The freestream Mach
number is 2.9, freestream Reynolds number per unit millimeter is
5581.4, and freestream temperature is 108.1 K, which are the same
parameters as those used in Bookey et al.’s experiment [14]. The wall
temperatures for the four computational cases are 162.2, 307, 374, and
540.5 K, respectively. The computational parameters in the case
Tw∕Tr � 1.14 are identical to Bookey et al.’s experiment parameters,
and this case is also used as a test case to validate the computation.
The perfect gas assumption is taken in computing, and Sutherland’s
law is used to compute the viscosity. The boundary-layer thickness δ,
boundary-layer displacement thickness δ�, and boundary-layer mo-
mentum thickness θ are also given inTable2.The threeboundary-layer
thicknesses of the current results are close to those of Bookey et al.’s
experiment.
Navier–Stokes equations in the curvilinear coordinates are solved

numerically without any turbulent model being used. The numerical
dissipation plays the role of a subgrid-scale model. Therefore, this
simulation can be referred to as an implicit large-eddy simulation or
as an effective direct numerical simulation.
A high-resolution finite difference computational fluid dynamics

code OpenCFD-SC [13] developed by our research group is used for
the simulation, and the code is programmed by usingMPI-Fortran 90.
Steger–Warming splitting is used for the inviscous terms and then
solved by using the fourth-order bandwidth-optimized weighted
essentially non-oscillatory scheme (WENO-SYMBO) of Wu and
Martín [11] and Martín et al. [19]. Viscous terms are discretized by
using the eighth-order central scheme. The third-order TVD-type
Runge–Kutta method [20] is used for time advance, and the Courant–
Friedrichs–Lewy number is between 0.1 and 0.2 for each case. Total
time step is 233,000–365,000 for the four cases. It takes about 10,000–
14,000 iterations to get statistically steady. Then, we record the
flowfield for every 100 iterations and use it for statistics.
The code is parallel run on 240 CPU cores of the TIANHE-1 super-

computer in theNational SupercomputerCenter inTianjin. The average
wall time per one time step is about 2.05–2.2 s for the hot-wall cases
(Tw∕Tr � 1.14, 1.4, 2.0) and it is about 5.5 s for the cold-wall case
(Tw∕Tr � 0.6), because the grid number is much larger for this case.

III. Numerical Results

A. Numerical Validation

To validate that the computational domain in the spanwise direc-
tion for our numerical cases is wide enough, we double the

Fig. 10 Distribution of instantaneous temperature at midspan.

Fig. 9 Distribution of mean wall pressure for case Tw∕Tr � 1.14.

Fig. 8 Distribution of skin friction coefficient and its comparison with
theoretical value.
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computation domain in the spanwise direction of two casesTw∕Tr �
0.6 and Tw∕Tr � 2.0 (the coldest case and the hottest one), and the
grid width in the spanwise direction is kept the same. Figure 3 shows
the skin friction coefficient Cf of the normal case (14 mm spanwise
domain) and the wide case (28 mm spanwise domain) for both
Tw∕Tr � 0.6 and Tw∕Tr � 2.0. This figure shows that the differ-
ence between the normal and the wide cases is not obvious. The
difference of separation bubble size is approximately 1.5% for the
low-wall-temperature case and approximately 5% for the high-wall-
temperature case. This shows that the spanwise computation domain is
wide enough. Comparing Fig. 3b with Fig. 3a shows that the high-
wall-temperature case is more sensitive to the spanwise domain size,
the reason being that both the separation bubble size and the boundary-
layer thickness are larger for the high-wall-temperature case, and so it
is more sensitive to the spanwise domain size.
To further test the spanwise domain, we computed the two-point

correlations for the case Tw∕Tr � 1.14 with spanwise domain
Lz � 14 mm (normal case). Figures 4 and 5 show the two-point
correlations of u, v, and w in the spanwise direction of the flat-plate
region and the separation region, respectively. Two different normal
locations of y� � 10 and y� � 198 (y ≈ 0.6δ) are chosen. For all
cases, a similar trend is observed, and the value of correlation keeps
small values (between−0.1 and 0.1) at the region z > 3 mm, which is
small enough to be statistically independent. Figures 3–5 show that
the spanwise computational domain is wide enough.
Figure 6 plots the van Driest transformed velocity in the flat-plate

region of case Tw∕Tr � 1.14. The velocity profile agrees well with
the log law u� � 2.44 × log�y�� � 5.1 in the logarithmic region,
which has the same constant (C � 5.1) as that used by Wu and
Martín [11,12].
Figure 7 shows the one-dimensional spanwise turbulent kinetic

energy spectrum [17] at the flat-plate region and y� � 232 (y ≈ 0.7δ)
of case Tw∕Tr � 1.14. The figure shows that all spectra exhibit a
dropoff at about four decades and have a−5∕3 slope, which indicates
that it is the inertial subrange here and the turbulent boundary layer is
in equilibrium. Because the Reynolds number is not very high, the
−5∕3 region is not long.
Figure 8 shows the distribution of skin friction coefficientCf for the

case Tw∕Tr � 1.14. This figure shows that Cf has a drastic increase
near the region x � −200 mm, which denotes the occurrence of the
transition. Cf gets its peak value at x � −250 mm and decreases
smoothly, indicating that the turbulence becomes fully developed. Cf

goes down rapidly downstream x � −30 mm and then shows a
negative value, indicating that the separation occurs. Downstream of
the corner at x � 0 mm,Cf goes up rapidly and shows positive value
again, indicating the reattachment of the flow. The triangles in this
figure denote the theoretical value ofCf by the formulation in [17,21],
which agrees well with the data.
Figure 9 shows the distribution of the mean wall pressure �pw∕p∞

as a function of x∕δ for the case Tw∕Tr � 1.14. The dashed line
shows the DNS data ofWu andMartín [11,12]. The symbols indicate
Bookey et al.’s experimental results [14], and the error bar is set as
5%. This figure shows that our numerical data agree with both
experimental results and the DNS data of Wu and Martín [11,12],
which validates the computation. The current simulation predicts
slightly higher wall pressures downstream of the pressure plateau
comparing with the Wu and Martín data. It may be caused by the
different grid distribution and transition method. More validations
can be find in previous work [13].

B. Flow Visualization

Figure 10 shows the two-dimensional contour of the instantaneous
temperature at the midspan of four cases of different wall temper-
atures. Regions of laminar flow, transition, fully developed turbu-
lence, flow separation, and shock wave and boundary-layer
interactions are shown clearly in this figure. This figure shows clearly
that the transition is postponed with the increase of the wall
temperature, and the reason is that the actual Reynolds number
(defined by the near-wall density and viscosity) decreases obviously
with the increase of wall temperature.

Figure 11 is the locally enlarged plot of instantaneous temperature
in the corner region with the contour line of u � 0. Shock waves and
the interaction of shock wave/turbulence boundary layer are shown
clearly in the figure. Separation bubbles appear downstream of the
shock in all cases, and temperature peaks in the separation bubble.
Figures 11a–11d also show that the size of the separation bubble
increases obviously with the increase of wall temperature. Contour
lines of instantaneous streamwise velocity u � 0 are plotted
in Figs. 11a–11d, and these lines can be regarded as the edge of
the instantaneous separation bubbles. These lines show that the
separation bubble is not always observed as one large bubble, but
rather can be a series of smaller bubbles.
Figure 12 shows the visualization of coherent structures by using

the isosurface of the second invariant of velocity gradient tensor Q
colored by the local streamwise velocity. We chose a low-wall-
temperature case with Tw∕Tr � 0.6 and a hot-wall-temperature case

Fig. 11 Locally enlarged plot of instantaneous temperature with
contour line of u � 0.
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with Tw∕Tr � 1.4 in this figure. The figure shows the cluster of
coherent structures in the upstream turbulence boundary layer, and
there are more clusters of coherent structures in the low-wall-
temperature case than in hot-wall-temperature one. The coherent
structures are more chaotic downstream of the shock than those
upstream of the shock. The results in Fig. 12 are consistent with the
results by Duan et al. [22].

C. Turbulent Kinetic Energy Budget

Turbulent kinetic energy (TKE) is given by

~k � 1

2

ρu 0 0
i u

0 0
i

�ρ
(1)

and its budget equation for compressible turbulence is

∂��ρk�
∂t

� −C� P� T � Π�D�M − ε (2)

The expression of each term is shown in Table 3. In this research, we

pay attention to the production term P, dissipation term ε, pressure-
dilation term Π, and the dilation dissipation term εd. To test the

statistical convergence for each term, we compared the statistics of

1000 samples and that of 2000 samples. Figure 13 shows the

production termP, dissipation term ε, and pressure-dilation termΠ for

the case Tw∕Tr � 0.6, in which Figs. 13a and 13b plot those terms in

the flat-plate and separation regions. In both of these regions, the

Fig. 12 Isosurface of second invariant of velocity gradient Q.

Table 3 Expression of terms in TKE budget equation

Expression Meanings

K � 1∕2ρu 0 0
i u

0 0
i ∕�ρ TEK

C � ∂��ρ ~k ~uj�∕∂xj Convection

P � −ρu 0 0
i u

0 0
j ∂ ~uj∕∂xj Production

ε � σ 0
ij∂u 0 0

i ∕∂xj Dissipation

T � −∂�1∕2ρu 0 0
i u

0 0
i u

0 0
j � p 0u 0 0

j �∕∂xj Turbulent transport

D � ∂u 0 0
i σ

0
ij∕∂xi Viscous diffusion

Π � p 0∂u 0 0
i ∕∂xi Pressure dilation

M � �u 0 0
i �∂ �σij∕∂xi − ∂ �p∕∂xj� Due to density fluctuation

εd � −μ∂u 0 0
i ∕∂xi∂u 0 0

i ∕∂xi Dilation dissipation

Fig. 13 Time convergence study for Tw∕Tr � 0.6 case: 1000 vs 2000 samples.
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curves with 1000 samples agree very well with the curves with 2000

samples, and thus we use 1000 samples for the following statistics.

Figure 14 shows the one-dimensional profiles of the production

term P, dissipation term ε, pressure-dilation term Π, and the dilation
dissipation term εd of the four wall-temperature cases in the flat-plate

region upstream of the shock.As shown in this figure, in the upstream

region of the shock (flat-plate region), the turbulent production term

reaches its peak in the buffer layer (the layer between the viscous

sublayer and the logarithmic-law layer) and the dissipation term

reaches its peak in the near-wall region. This figure also shows that

both the pressure-dilation term and the dilation dissipation term are

very small and ignorable for all four cases.

Figure 15 shows the profiles of P, ε, Π, and εd in the separation

bubble of the corner region. Different from those in the flat-plate

region, the turbulent production terms show two peaks for all four

cases: One peak is located in the boundary layer and the other is near

the shock wave. This figure also shows that the high P range is much

larger than that in the flat-plate region, which means that total

turbulent energy production is much higher in the separation bubble

than that in the upstream flat-plate region. This figure also shows that

the high ε range is alsomuch larger than that in the upstream flat-plate

Fig. 14 Plots of four terms in TKE equation, in flat-plate region. Fig. 15 Plots of four terms in TKE equation, in separation region.
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region in the separation bubble, which means that turbulence is very
active in the separation bubble.
The pressure-dilatation termΠ and the dilation dissipation term εd

denote the intrinsic compressibility effect [23], and these two terms
are also shown in Figs. 14 and 15. These figures show that εd keeps an
ignorable value in all regions for all four cases. The pressure-dilation
term Π is also very small in all regions, except near the shock wave.
This indicates that the effect of the intrinsic compressibility effect is
ignorable in the region where it does not contain the main shock.
Therefore, the authors conjecture that compressibility is not strongly
important for these scenarios.

IV. Effect of Wall Temperature on Size of Separation
Bubble

A. Size of Separation Bubble

Figure 16 shows the streamline of the mean flow of the four cases.
The mean flow is computed by using both spanwise and time

averages. This figure clearly shows the separation bubble in the

corner region and it also shows that the size of separation bubbles

increase with the increase of wall temperature.

Figure 17 shows the distribution of the mean skin friction coef-

ficient Cf for the four wall-temperature cases in the corner region,

where the horizontal coordinates are normalized by δ. The size of

separation bubble can be measured by the length of negative Cf re-

gions in this figure. The first zero point of Cf is defined as the separa-

tion point and the second zero point is defined as the reattachment

point. The scale of the separation bubble is defined as the length

between separation point and reattachment point. The location of

separation point (xs∕δ) and reattachment point (xr∕δ) and the size of

separation bubble (L∕δ) are shown in Table 4. It shows that the length
of separation bubble increases with the increase of wall temperature.

B. Semitheoretical Formula for Effect of Wall Temperature on

Length of Separation Bubbles

As in the analysis in Sec. III, the intrinsic compressibility effect is

not significant for all cases and it should not be the main reason of

the increase of separation bubbles. The authors assume that wall

temperature has an effect on the separation bubble size by changing

the mean quantities of the flowfield, especially the mean density and

mean viscosity. Figure 18 shows the distribution of mean density in

the boundary layer of the four wall-temperature cases in the upstream

Fig. 16 Streamlines of mean flowfield in corner region.

Table 4 Separation point, reattached
point, and size of separation bubble

Case xs∕δ xr∕δ L∕δ
Tw∕Tr � 0.6 −1.38 0.49 1.87
Tw∕Tr � 1.14 −2.44 0.98 3.42
Tw∕Tr � 1.4 −2.79 1.12 4.09
Tw∕Tr � 2.0 −3.60 1.49 5.09

Fig. 17 Distribution of skin friction coefficient in corner region.

Fig. 18 Distribution of mean density in boundary layer.
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of the separation bubble, and this figure shows that near-wall density

increases obviously with the decrease of wall temperature. Changes

of density will affect the mass flow rate of the separation bubble and

then affect the size of the separation bubble. Figure 19 shows the

distribution of the mean viscosity coefficient in the boundary layer of

the four cases at the same position as that in Fig. 18. Figure 19 shows

that the mean viscosity coefficient increases obviously with the

increase of wall temperature, especially in the near-wall region.

Obviously, the viscosity coefficient is also a key effective factor on

the size of separation bubbles.
Based on the analysis, the authors assume that wall temperature

has an effect on size of the separation bubble by changing the mean

density and mean viscosity in the near-wall region (i.e., it is a kind of

Reynolds number effect). We define the actual Reynolds number by

using mixed freestream and wall values:

Rew � ρwu∞L∞

μw
(3)

in which u∞ is the freestream velocity, L∞ is the reference length

(e.g., 1 mm), and ρw and μw are the density and viscosity in the wall

upstream the separation bubble, respectively. With fixed ramp angle

and fixed freestream Mach number, the size of the separation bubble

should be determined by Rew.
According to Prandtl’s boundary-layer theory, the pressure keeps

approximately constant in the boundary layer. Considering as the

state equation of perfect gas p � ρRT, the wall density should be

inversely proportional to the wall temperature:

ρw ∝ 1∕Tw (4)

The relationship between the air viscosity coefficient and temper-
ature can be approximated as the following power law [24]:

μ ∝ T0.7 (5)

Considering Eqs. (3–5), and that u∞ andL∞ are constant values here,
we have

Rew ∝ 1∕T1.7
w (6)

We assume that, in the case of turbulent flow, the size of separation
bubble varies with the upstream Reynolds number as the following
rules:

L∕δ ∝ 1∕
���������
Rew

p
(7)

Combining Eq. (6) with Eq. (7), we have

L∕δ ∝
��������
T1.7
w

q
� T0.85

w (8)

Considering recovery temperature Tr is a constant value here, we
finally get the semitheoretical formula

L∕δ ∝ �Tw∕Tr�0.85 (9)

That is, the separation bubble size is proportional to the 0.85 power of
the wall temperature.
Figure 20 shows the length of the separation bubble as a function of

wall temperature. The solid line denotes the semitheoretical formula
(9), which is L∕δ � 2.9�Tw∕Tr�0.85, and the circle symbols denote
the current results. The delta symbols denote the result of Priebe and
Martín [25] at the similar condition. This figure shows that our
semitheoretical formula has a good predictive ability. This also vali-
dates that the assumption of Eq. (7) is correct.
Figure 21 shows the separation distance of Spaid and Frishett’s

experimental data [9], which is measured in a wind-tunnel experi-
ment with a 20 deg compression corner with Mach 2.9 freestream
flow. The line in this figure denotes our semitheoretical formula
L∕δ � 1.28�Tw∕Tr�0.85 and it shows a good prediction. Because the
corner angle (20 deg) is smaller than the preceding one (24 deg), the
separation length ismuch smaller, and thus the coefficient 1.28 is also
smaller than the preceding one (2.9).

V. Conclusions

Numerical simulation of STBLI flows in a 24 deg compression
ramp is conducted to study the effect of wall temperature on the size

Fig. 19 Distribution of mean viscosity coefficient in boundary layer.

Fig. 20 Length of separation bubble as a function of wall temperature.

Fig. 21 Separationdistanceof SpaidandFrishett’s experimental data [9].
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of separation bubble. The freestream Mach number is 2.9 and the
freestream Reynolds number is 5581.4∕mm. Four cases of different
wall temperatures are simulated, and the ratios of wall temperature to
recovery temperature Tw∕Tr are 0.6, 1.14, 1.4, and 2.0, respectively.
The statistical results with Tw∕Tr � 1.14 are tested to validate the
simulation, and the results show a good agreement with theoretical,
experimental, and previous numerical simulating results. The effects
of wall temperature on size of separation bubble are studied, and the
turbulent kinetic energy budgets are also analyzed based on the
simulation data. Conclusions are as follows:
1) Wall temperature has a direct effect on the size of separation

bubble, and the size increases significantly with the increase of wall
temperature.
2) Wall temperature appears to affect the size of separation bubble

mainly by changing the near-wall density and viscosity.
3) Theoretical analysis leads to a semitheoretical formula to predict

the size of separation bubble:L∕δ ∝ �Tw∕Tr�0.85. The semitheoretical
formula agrees well with the numerical data proposed in this paper.
4) Intrinsic compressibility effect is not significant in the cases

studied here.
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